Accurate knowledge of the biogeographic history and precise characterization of the genetic make-up of a taxon are essential to investigate speciation processes and achieve sound evolutionary comparisons. A case in point is the house mouse Mus musculus and its three parapatric subspecies, which have become a model for such studies. However, although Mus musculus domesticus and Mus musculus musculus constitute genetically wellcharacterized homogeneous entities, the case of Mus musculus castaneus remains poorly documented. Using mtDNA control region variation in a sample of 402 individuals, covering much of the distribution range of this subspecies, we identify four haplogroups that show largely non-overlapping geographic distributions. They appear to have undergone post-Neolithic expansions, presumably through commensalism with humans, but exhibit a much more ancient divergence. These results point towards a strong past subdivision and a vicariant origin of the different haplogroups, with each retaining a subfraction of the total variability. The genomic consequences of this spatial heterogeneity on the present taxonomic partition will have to be appraised, and may challenge the use of this subspecies as a single entity in evolutionary studies.
INTRODUCTION
Although the house mouse Mus musculus has been a fundamental laboratory model for more than a century, its natural populations remained relatively poorly described for decades. Yet, M. musculus is certainly one of the first taxa that became technically amenable to gene diversity studies over sufficiently large samples. For instance, allozymes were wellcharacterized in some of its populations as early as 1969, and the analysis of mitochondrial DNA variation has been pervasive since 1978. Despite these advantages, M. musculus is not the best-known mammal species as far as phylogeography is concerned, and there are many grey zones that remain to be explored. This is somewhat unfortunate, given the attention bestowed on the important role played by this species as a model in various fields such as immunology, speciation, or genome evolution (Baines & Harr, 2007; Geraldes et al., 2008; Halligan et al., 2010; Yang et al., 2011) .
Historically, the image that has slowly emerged from studies on the taxonomic status, origin, and interrelationships of the various components of M. musculus, is that of a taxon with at least three main subspecies: Mus musculus domesticus; Mus musculus musculus; and Mus musculus castaneus (Boursot et al., 1993; Prager, Orrego & Sage, 1998; Guénet & Bonhomme, 2003; Geraldes et al., 2008; Bonhomme et al., 2011; Yonekawa et al., 2012) . Among these, M. m. castaneus (Waterhouse, 1842; Philippines) is considered as more polymorphic, with a larger effective population size, and as having retained more ancestral polymorphisms than the other two subspecies (e.g. Phifer-Rixey et al., 2012) . It is now established that the distribution of these three taxa has considerably expanded into a worldwide distribution from the centre of origin through its association with humans during the Neolithic. Nevertheless, although the genetic make-up and origin of the well-characterized M. m. domesticus in the west, and to a lesser extent M. m. musculus in the east, is becoming reasonably well documented (Duvaux et al., 2011) , that of M. m. castaneus and the populations in the centre of the original species range, believed to be located somewhere between the north of the Indian subcontinent and the adjacent regions of Iran and Afghanistan Din et al., 1996 , but see Prager et al., 1998) , is far from completely elucidated. The populations from these places, sometimes called 'central' populations, are collectively more diverse than are either M. m. domesticus or M. m. musculus. This is attested by a higher heterozygosity rate for various markers such as allozymes, simple sequence repeats (SSRs), or nuclear gene sequences Bonhomme et al., 2007; Geraldes et al., 2008; Halligan et al., 2010) , as well as by the diversity of the mitochondrial lineages present (Boursot et al., 1993; Boissinot & Boursot, 1997; Prager et al., 1998; Terashima et al., 2006) . Nevertheless, the geographic origin and possible partitioning of this diversity remains largely unknown.
Whereas M. m. domesticus or M. m. musculus often show reciprocal mitochondrial monophyly, this is far from being the case for the matrilines found in the centre of the species range, which were designated as 'oriental lineages' by Boursot et al. (1996) and Boissinot & Boursot (1997) . Prager et al. (1998) preferred to use the name 'M. (m.) castaneus' for the populations harbouring those lineages, while noting at the same time that the often invoked but poorly sampled Mus (musculus) bactrianus could be a valid taxon or a local form of M. m. castaneus in the western part of its range. Subsequent literature dealing with variation in M. musculus mainly ignored the taxonomical problem posed by the genetic heterogeneity of the populations in the centre of its range, and almost invariably referred to the existence of the domesticus, musculus, and castaneus trio without further question as to its validity.
In the present work, we extend the description of the matrilines found in the 'central populations' by analysing the mitochondrial DNA (mtDNA) control region in a sample of 402 individual sequences originating from Iran to China through Pakistan and India, but also from more remote locations such as Kenya and New Zealand. The results show that at least three well-differentiated clades (hereafter called haplogroups) exist in the so-called M. m. castaneus subspecies and central populations. These lineages probably correspond to geographically defined isolates, but human-mediated transport has probably triggered a sensible degree of admixture. Providing a better account of the evolution of lineages that originated in a region of complex geomorphology is one further step towards unravelling the key factors involved in the biogeographical history of the whole species.
MATERIAL AND METHODS

ORIGIN OF SAMPLES AND DNA EXTRACTION
A total of 285 mice from Iran, Pakistan, India, China, Thailand, and Kenya were included in this study. The sample sizes and geographical coordinates are given in Table 1 The skulls of most of these specimens have also been included in the morphological characterization reported in Siahsarvie et al. (2012) , and are deposited in the osteological collections of these two institutions. Tissues were stored in 70% ethanol or deepfrozen prior to standard phenol-chloroform DNA extraction. A 931-bp section of the mitochondrial control region was sequenced with exactly the same protocol as described in Rajabi-Maham, Orth & Bonhomme (2008) . The sequence primers were located at position 15 378 (3′) and 41 (5′) of the M. musculus strain C57BL/6J mtDNA sequence (Bayona-Bafaluy et al., 2003) . Sequences are deposited in GenBank under accession numbers JN416649-JN416769. Additionally, 106 sequences were retrieved from GenBank, stemming primarily from a handful of earlier publications, as shown in Table 1 (Prager et al., 1998) as possible out-groups. Mus musculus domesticus, the worldwide mitochondrial variation of which is now rather well documented (see, for instance, Boursot et al., 1996; Rajabi-Maham et al., 2008; Searle et al., 2009a, b; Jones et al., 2011 , and references therein), was represented by a set of sequences belonging to eight haplogroups chosen to illustrate the variability within this indisputably monophyletic subspecies.
PHYLOGENETIC AND MISMATCH ANALYSES
Sequences spanning positions 15 430-16 286 were considered for all analyses in this study. Alignment was performed with MAFFT 5 (Katoh et al., 2005) using default options. Out-group sequences were pasted and manually edited with BIOEDIT (Hall, 1999) . The complete alignment, together with GenBank accession numbers, is presented in Supplementary Figure S1 . The MEGA 5.0 software package (Tamura et al., 2011) was used to calculate the basic diversity parameters among and within populations according to the maximum composite likelihood substitution model, with pairwise deletion and unequal rates among sites. A maximum likelihood tree was obtained from PHYML 3.0 (Guindon & Gascuel, 2003) with the Generalised Time Reversible (GTR) mutation model and a transition/transversion ratio of 5.95, a gamma correction of 0.645, and a proportion of invariable sites of 0.748 and 4 invariant categories, as estimated by the program. Node support was estimated with the approximate likelihood ratio test (aLRT) method (Anisimova & Gascuel, 2006) . Four This study: 2. Baines & Harr, 2007; 3. Goios et al., 2007; 4. Gündüz et al., 2000; 5. Geraldes et al., 2008; 6. Prager et al., 1996; 7. Prager et al., 1998; 8. Searle et al., 2009b; 9. Voolstra et al., 2007b; 10 . Yu, H.-T. & Yang, S.-T., unpubl. data; 11. Harr, B., unpubl. data.
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haplogroups with high aLRT support were identified. Mismatch distribution (MMD) analyses were carried out with ARLEQUIN (Excoffier, Laval & Schneider, 2005) for each haplogroup separately using goodnessof-fit tests based on the sum of squared deviations and raggedness index (Harpending, 1994) , see also Supplementary Figure S3 . Sites with plurinucleotidic indels were considered as equivalent to a single point mutation. The parameter t = 2mt (population expansion time scaled by the mutation rate) was estimated from mismatch distribution analysis, when applicable, under the two models implemented in ARLE-QUIN (spatial and demographic expansions). The standard deviation of the t estimates was deduced as half the width of the 95% confidence interval, estimated by a 1000 bootstrap procedure.
GEOGRAPHICAL REPRESENTATION OF GENETIC VARIATION
In order to avoid arbitrary groupings of sampling locations, the estimated density distribution over a grid of 120 ¥ 110 points, representing the geographical area under study, was obtained for each of the three main haplogroups (HG1A and HG1B were grouped together) using the kriging function of the 'fields' package under R (R Development Core Team, 2011). Basically, for large numbers of irregularly spaced observations, this package computes the spatial predictions of missing values using a Gaussian covariance function, estimated through the iterative resolution of a large linear system. Observations were weighted by the number of individuals sampled at each location relative to the total. The density matrix for each haplogroup was then attributed to one of the basic red, green, or blue (RGB) colours with the rgb function (grDevices), and the three grids were superimposed to produce a single false-colour image. Figure 2 shows the maximum likelihood tree obtained for the 402 sequences corresponding to 140 haplotypes (See also Supplementary Figure S2 ). Three lineages encompassing four haplogroups, hereafter designated as HG1A, HG1B, HG2, and HG3, could be identified, with approximate aLRT values of 0.81, 0.91, 0.90, and 0.76, respectively, and with HG1A and 
RESULTS
THREE DIVERGENT LINEAGES IN MUS MUSCULUS CASTANEUS
Myr
-1 (Prager, Boursot & Sage, 1997) for the D-loop, we obtain at face value an average age of 45 500 years for the most recent common ancestor (MRCA) of the three lineages, which is clearly much earlier than the end of the last glacial period. Now, if we consider that the nucleotide variability within each clade originated in separate populations, we can apply the mismatch analysis within each of them. The sudden expansion hypothesis (either spatial or demographic) could not be rejected, indicating that each haplogroup underwent a recent expansion (Supplementary Figure S3 ; Table 2 ). The average t values estimated by the MMD data analysis were 5.6, 3.31, 0.82, and 6.14 for HG1A, HG1B, HG2, and HG3, respectively. These values may be translated into times of expansion for each haplogroup, this time with an intrasubspecific mutation rate of 40% site -1 Myr -1
, as proposed by RajabiMaham et al. (2008) , rather than the interspecific rate used above. The estimated times were 8000, 4750, 1200, and 8850 years, respectively. A Student's unpaired t-test (bilateral, with n1 + n2 -2 d.f.) shows that the t value of HG2 is significantly smaller than the other three (P < 0.001), whereas among the latter, HG1A and HG3 could not be distinguished. Interestingly, the highest t value, obtained for HG3, was significantly smaller than that estimated with exactly Figure 3 shows the false-colour image of the estimated density distribution of the three major clades, encompassing the four haplogroups. The Chinese, Taiwanese, Kenyan, and New-Zealand samples were omitted from this map because of low sampling density too far away from the main data set to provide a reliable kriging value. The association of some haplogroups with geographical regions is obvious: for instance, HG3 (blue) corresponds almost entirely to eastern Iran, along with some sequences from nearby Afghanistan and Indo-Pakistan, and more surprisingly from Taiwan (shown in Table 1 ). HG2 (green) may be found in Pakistan and India, but is also found in Kenya, China, Taiwan, Thailand, and New Zealand. Although HG1A and HGIB are not individualized in Figure 3 (red), HG1A only encompasses matrilines from the northernmost corner of India and Pakistan, whereas HGIB predominates in central and north-west Iran, but is also present in Indo-Pakistan (Table 1 ; refer to the leaves of the tree in Supplementary Figure S3 for the precise location of the sequences in each haplogroup).
DISCUSSION GEOGRAPHIC ORIGIN OF THE THREE MAJOR LINEAGES
It is tempting to propose that the core geographical distribution described above for each of the three lineages constitutes the cradle of origin where they would have survived during an ancient period of isolation, possibly linked with the last glaciation. Under this hypothesis, putative separate refuges would have existed for the mice now present in eastern Iran, Afghanistan, and south Pakistan (HG3), north-east India (HG2), and for HG1A an area essentially covering the Himalayan foothills of northwest India. The case of HG1B that has a disjoint distribution (central /north-west Iran, and Pakistan) is puzzling, because the sequences from Iran and Indo-Pakistan in this haplogroup are not only geographically but also phylogenetically separate, as is clearly visible in Figure 2 . Note that a recent report shows that castaneus-like subfossil skulls have been found in a site near Isfahan (central Iran), and are attributed to the mid-Palaeolithic, 30 000 BC (Shabani et al., 2010) . Early human influence is thus likely to have played a role in the geographical duality of this haplogroup. It should be remembered that post-glacial movements are often not a simple Estimates of expansion times for each haplogroup under the two expansion models implemented in ARLEQUIN (demographic, expansion of a single deme of growing size; spatial, geographical spread of new demes of equal size); N, number of individuals; h, number of haplotypes; Hd, haplotypic diversity; Pi, nucleotidic diversity; M, mean observed mismatch number; t, age of expansion in mutation unit, together with percentiles estimated by 1000 bootstraps; SSD, model fit (sum of squared deviation with its P value); R, raggedness (observed, with its P value conditioned by the corresponding model).
expansion from refugia into wider areas, but may imply more complex trajectories tracking a transitory reopening of favourable habitats. In the case of M. musculus, the situation is even more complex if empty territories became available through commensalism. In this context, the disparity in secondary admixture between haplogroups is noteworthy: HG2 is practically the only one to have been exported to many other places in the world, with the notable exception of the HG3 matrilines in Taiwan, whereas HG1A and HG1B are much more geographically restricted. Note that the Iranian locality of Chabahar, a large seaport at the entrance of the Persian Gulf, and samples from Pakistan and India contain sequences belonging to three and four haplogroups, respectively, illustrating places where secondary admixture is more frequent.
DIVERGENCE TIME
In addition, to make use of the well-documented evolutionary rate of mitochondrial cytochrome b (cyt-b), we retrieved the 28 non-musculus or non-domesticus M. musculus cyt-b sequences available in GenBank (many of them actually labelled M. m. molossinus).
When aligned with sequences of the latter two subspecies, three types of highly divergent castaneus sequences emerge with high bootstrap values (Supplementary Figure S4) . One of these is represented by a single sequence from Kathmandu (Nepal), another one by two sequences coming from Taiwan and north-eastern Iran, and the 25 others stemming mostly from the castaneus type that cluster within M. m. molossinus from Hokkaido Island (Terashima et al., 2006) , but also Indonesia and Thailand. It is tempting to consider that those three lineages match the lineages that we have defined from the D-loop: the one from Nepal would correspond to our HG1A; the one from Taiwan, termed group CAS I, would match our HG3; whereas the last group, termed group CAS II, would be HG2. The geographical sampling of Terashima et al. (2006) did not include localities where HG1B could be found. The average nucleotide divergence over 1140 cyt b sites among the three castaneus lineages amounted to 2.53% (7.98%) to 3.05% (11.46%) between domesticus and castaneus to 2.87% (9.66%) between musculus and castaneus, and to 2.38% (7.98%) between domesticus and musculus. The values between parentheses provide the divergence values for the third codon position only. These results suggest that the onset of these divergences would match several quasi-simultaneous vicariance events. Interestingly, Nabholz, Glemin & Galtier (2009) have recently re-evaluated the phylogenetic . Red, green, and blue correspond to the haplogroups HG1A + HG1B, HG2, and HG3, respectively. Note that red dots in Pakistan and India correspond primarily to HG1A, but not exclusively so, whereas those in Iran belong only to HG1B, as is visible in Figure 2. substitution rate of the third codon position of cyt-b in many mammalian orders and genera, including Mus. They found a per lineage substitution rate of 0.22 substitutions of the third codon -1 Myr -1 in Mus indutus, and 0.098 in Rattus norvegicus. If the rate calculated for M. indutus holds for M. musculus, the values we estimated would thus roughly correspond to a 180 000-year-old divergence among the castaneus clades. This figure would be even higher if the M. musculus rate is closer to that of Rattus, but a higher rate than that in M. indutus cannot be ruled out. The large discrepancy between cyt-b and D-loop divergence estimates (180 000 and 45 000 years, respectively) demonstrates the relative imprecision of molecular dating, arising from a combination of features: high homoplasy, resulting in important saturation phenomena; an underestimation of the substitution rate for the D-loop; and the large intertaxa fluctuation of these rates, as illustrated in Nabholz et al.(2009) . Whatever the true rates, our results probably point towards vicariance events linked with at least the last glacial event (beginning c. 90 000 years ago), during which subpopulations would have survived in favourable refugia on the southern slopes of the almost continuous mountain range that expands from the Caucasus to the Himalayas, from north-western Iran to north-eastern India.
CONGRUENCE WITH OTHER MARKERS
Little information is available yet, but on a partially overlapping sample Rajabi-Maham et al. (unpubl. data) have shown that two different subtypes of the so-called musculus Y chromosome were associated with Iranian mice, mostly pertaining to mtDNA HG1B and HG3, with an almost exact match between the Y chromosome subtype and mtDNA haplogroups in the limited sample analysed by these authors. These Y chromosome variants appear restricted to the Iranian plateau, thus reinforcing the idea of a longterm isolation in this area. On the other hand, a widespread so-called castaneus Y chromosome type is to be found in Indo-Pakistan and elsewhere in southeast Asia, thus predominately associated with HG2, and probably originating from the Indian subcontinent (Rajabi-Maham et al., unpubl. data) .
The Y chromosome and mtDNA are two elements with similar and small effective sizes (Ne/2 or less if they are submitted to recurrent selection, or if there is a sex-linked differential variance in reproductive success). They are thus expected to attain monophyly more rapidly than recombining and bisexually transmitted autosomes. In the study of gene variation at eight loci on mouse chromosome 8, Nunome et al. (2010) (Collaborative Cross Consortium, 2012) . From this data set we extracted 226 positions that were identically monomorphic in domesticus and musculus, but were variable among the 15 castaneus samples, in order to limit a possible effect of secondary exchanges or ascertainment bias. The average percentage nucleotidic diversity between the castaneus samples was 0.29, with the most distant individuals being those from central Iran (HG1B; Yazd) and those from southern India (HG2; Masinagudi). The individuals possessing HG3 or HG1A as well as HGIB from Pakistan and northern India clustered in between, as shown on the tree in the Supplementary Figure S5 .
Taken as a whole, these results partially support the divergence patterns evidenced by the matrilines, and suggest that supplementary information from nuclear genes are not likely to change the present picture much, as animals from central Iran, which have an HG1B of their own, are also quite distinct from a nuclear standpoint from those of south-east Iran harbouring only HG3. Within the so-called castaneus group there are signatures of evolution in isolation in a distant past, with a clear-cut difference between the eastern and the western regions of the study zone. Interestingly, the almost complete spatial segregation of HG1 and HG3 on one hand and HG2 on the other fits rather well with the morphological characterization recently performed by Siahsarvie et al. (2012) on a partially overlapping sample, according to which the mice from the central Iranian plateau are clearly differentiated from those of IndoPakistan, as already suggested by Darvish (2008) from a more limited sample.
EXPANSION
It has been amply demonstrated for M. m. domesticus that most if not all of its matrilineal diversity is linked to recent expansion linked to commensalism with humans (reviewed in Bonhomme & Searle, 2012) , which dates back to the first Pleistocene warming, some 12 000 years ago. Here, all four haplogroups also show signs of recent expansion. Interestingly, this expansion took place at somewhat later times than for M. m. domesticus, with HG1B being the haplogroup harbouring the oldest signature. One can thus infer that the encounter between local M. musculus representatives and Neolithic humans having facilitated their expansion may have occurred later in this region (Djamali et al., 2009) than further west in the Fertile Crescent. This is even more evident for the mice carrying HG2, for which the onset of expansion is dated to c. 1200 years ago); conversely, it is practically the only haplogroup to have been transported by humans further east, and to all the other locations around the Indo-Pacific where M. m. castaneus is currently found.
NOMENCLATURE
If we thus take for granted that present-day 'castaneus' stem from at least three isolates, if not four, this raises questions as to where exactly they originate from and what is their taxonomic status. Marshall (1986) mentions at least 13 Latin names for M. musculus in the region covered by our study, and long-standing questions remain as to the validity of some of them, such as M. m. bactrianus, the type of which is from Kandahar in Afghanistan. From our data (samples from Zabol, in the same geomorphological basin as Kandahar, and from Kabul further north), it may be argued that a mtDNA HG3 originated in this part of the world, and could thus correspond to an original 'bactrianus' clade if 'bactrianus' is a valid name with respect to anteriority. Now, do mice harbouring HG3 constitute a separate subspecies? Given the degree of admixture detected in the mtDNA sequences (HG3 is, for example, well represented in Taiwan, together with HG2), this issue cannot presently be solved. However, mtDNA does not tell us much about the existence of the eventual barriers to gene flow, as prevails in the well-studied domesticus-musculus interaction, and the study of many nuclear genes over a large sample would be needed to evaluate this possibility. If the admixture of nuclear genes is frequent, the three oriental clades would then be remnants of an ancient subspeciation event that is in the process of being completely erased, and it would be thus wise to retain the single 'castaneus' denomination. 
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Additional supporting information may be found in the online version of this article: Figure S1 . Alignment of 402 D-loop sequences with GenBank accession numbers. Figure S2 . Maximum-likelihood tree, with complete sequence names. Figure S3 . Histograms of mismatch distribution in each haplogroup. Figure S4 . Neighbour-joining tree of the 28 cytochrome-b sequences referred to Mus musculus castaneus in GenBank. Mus musculus domesticus and Mus musculus musculus are also included. Sequences appear with their GenBank accession numbers. Figure S5 . Neighbour-joining tree depicting the relationships among 15 individuals from Iran, Afghanistan, Pakistan, and India, based on 226 single nucleotide polymorphisms (SNPs) of the MUGA chip that were polymorphic solely in those individuals, and identically monomorphic in Mus musculus domesticus and Mus musculus musculus.
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